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(57) ABSTRACT

A method of manufacturing a semiconductor device includes
performing a pre-amorphous implantation (PAI) process to
form an amorphized region on a substrate. The method also
includes forming a stress film over the substrate, and perform-
ing an annealing process to recrystallize the amorphized
region after the stress film is formed. The method further
includes forming a recess region on the substrate. The recess
region overlies the recrystallized region. The method addi-
tionally includes forming an epitaxial stress-inducing mate-
rial in the recess region.

20 Claims, 8 Drawing Sheets

220 220
222
R e

224 224

286 2/23 \ 226

285
234

252 »fy

260 252 260

280 22

210




US 9,117,745 B2

(51) Imt.ClL
HOIL 29/78 (2006.01)
HOIL 21265 (2006.01)
HOIL 29/06 (2006.01)
HOIL 29/08 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

2006/0228842 Al  10/2006 Zhang et al.
2006/0234504 Al  10/2006 Bauer et al.
2010/0025779 Al 2/2010 Kammler et al.

Page 2

2010/0148270 Al 6/2010 Golonzka et al.

2011/0027956 Al 2/2011 Domenicucci et al.

2011/0068403 Al 3/2011 Hattendorf et al.

2012/0104486 Al 5/2012 Yin et al.

2012/0104498 Al 5/2012 Majumdar et al.

2013/0099314 Al* 4/2013 Luetal. ...ccoooveveiernnnnnn 257/347
OTHER PUBLICATIONS

Fischer, P. R. et al., “Low Temperature Silcore Deposition of
Undoped and Doped Silicon Films”, ECS Transactions, 3 (2) 203-

215 (2006).

* cited by examiner



US 9,117,745 B2

Sheet 1 of 8

Aug. 25,2015

U.S. Patent

I 310

ajensqns 2y} uo yimoid Jerxeynds ue uwopeg

UOIFaI $5993J B ULIOY

0] ajensqns 2yl yoiq

ojensqns o) WoIJ WIJ SSOXS oY) SAOWY

9)ensqns oY) uo ss9001d [ROUUE U WLIOLIOJ

oyensqns 9y} Uo Wiy ssaxs e ysodo(y

o1eISqNS 9y} UO

ssa001d (Tvd) uonejuedun pazrydiowre-aid e uojrod

Joe)s 2183 B [IM JJenSqNS B OPIAOI]




U.S. Patent Aug. 25, 2015 Sheet 2 of 8 US 9,117,745 B2

210
Fig. 2

NV \
N




U.S. Patent Aug. 25, 2015 Sheet 3 of 8 US 9,117,745 B2

220

222
\

Fig. 3

N

2

A R A R R A AR A




US 9,117,745 B2

Sheet 4 of 8

Aug. 25,2015

U.S. Patent

p "8I

|

_

m

|

|

|

__ |
ERY
092 _
|

|

|

|

|

|

(1]¥4

N

c9¢

8T

1454

9T¢

14

A\

J

0¢c¢

i

(444

9¢¢

(44

0¢¢

0v¢

1444

=T TTTTTT T 1T



US 9,117,745 B2

Sheet 5 of 8

Aug. 25,2015

U.S. Patent

vec

S 31
| |
| |
| 012 |
| |
— | _ |
Mj | ST | 757
|
“ “
“ “
goz/ | 09¢ -\ o5z
|
|
1 R L s
B I I I (N AR
9Tt \ _ | 9CC\ _ \
_ / z
b2 \ i /WNN \ | ) e
VTT T\ OWTe T
/ 4 / | *
|



US 9,117,745 B2

Sheet 6 of 8

Aug. 25,2015

U.S. Patent

9 ‘31
| |
! |
| | _
| 012 |
| |
—_ _ — _ p—
\\Nmmj _ ST _ TSt
| %N/\ |
JAA | AHJ | Vv\|
- | _ | -
78¢ | 09¢ | 8¢ | 09¢ | 787
|
| |
" |
977 — | | L1977
/ _
Yz | (4 | yZT
| / | /
/ | / i
0cC | 0ZC |

1254

:%::%%:

owm



US 9,117,745 B2

Sheet 7 of 8

Aug. 25,2015

U.S. Patent

L 81

5= 09¢

(44

*C8C

\oomﬂowm \

97¢

144

/

0c¢

B

01C

*xC8C

144

9T¢

1444

ved



U.S. Patent Aug. 25, 2015 Sheet 8 of 8

US 9,117,745 B2
O
~
s X8 S
\, % Q
N
D
/ /
Q
N
)
O
N ®
() o
\o 0
N o0 °°| K}| a‘ 20
~ N N
Q o B
C\l\ g

m/\
(@]

234



US 9,117,745 B2

1

MECHANISMS FOR FORMING STRESSOR
REGIONS IN A SEMICONDUCTOR DEVICE

PRIORITY CLAIM

The present application is divisional of U.S. application
Ser. No. 13/324,331, filed Dec. 13, 2011, which is incorpo-
rated by reference herein in its entirety.

RELATED APPLICATIONS

The present application is related to U.S. patent application
Ser. No. 13/177,309, filed Jul. 6, 2011, and U.S. patent appli-
cation Ser. No. 13/029,378, filed Feb. 17, 2011, both of which
are incorporated herein by reference in their entireties. The
present application is also related to U.S. patent application
Ser. No. 13/324,257, filed Dec. 13, 2011, which is also incor-
porated herein by reference in its entirety.

BACKGROUND

The semiconductor integrated circuit (IC) industry has
experienced rapid growth. In the course of IC evolution,
functional density (i.e., the number of interconnected devices
per chip area) has generally increased while geometry size
(i.e., the smallest component (or line) that can be created
using a fabrication process) has decreased. This scaling down
process generally provides benefits by increasing production
efficiency and lowering associated costs. Such scaling down
has also increased the complexity of processing and manu-
facturing ICs and, for these advances to be realized, similar
developments in IC manufacturing are needed.

For example, as semiconductor devices, such as a metal-
oxide-semiconductor field-effect transistors (MOSFETs), are
scaled down through various technology nodes, strained
source/drain features (e.g., stressor regions) have been imple-
mented to enhance carrier mobility and improve device per-
formance. Stress distorts or strains the semiconductor crystal
lattice, which affects the band alignment and charge transport
properties of the semiconductor. By controlling the magni-
tude and distribution of stress in a finished device, manufac-
turers can increase carrier mobility and improve device per-
formance. Although existing approaches to forming stressor
regions for IC devices have been generally adequate for their
intended purposes, they have not been entirely satisfactory in
all respects.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure is best understood from the follow-
ing detailed description when read with the accompanying
figures. It is emphasized that, in accordance with the standard
practice in the industry, various features are not drawn to scale
and are used for illustration purposes only. In fact, the dimen-
sions of the various features may be arbitrarily increased or
reduced for clarity of discussion.

FIG. 1 is a flowchart illustrating a method of forming a
semiconductor device according to various aspects of the
present disclosure.

FIGS. 2 to 8 illustrate diagrammatic cross-sectional side
views of one or more embodiments of a semiconductor device
at various stages of fabrication according to the method of
FIG. 1.

DETAILED DESCRIPTION

The following disclosure provides many different embodi-
ments, or examples, for implementing different features of
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the invention. Specific examples of components and arrange-
ments are described below to simplify the present disclosure.
These are, of course, merely examples and are not intended to
be limiting. For example, the formation of a first feature over
or on a second feature in the description that follows may
include embodiments in which the first and second features
are formed in direct contact, and may also include embodi-
ments in which additional features may be formed between
the first and second features, such that the first and second
features may not be in direct contact. In addition, the present
disclosure may repeat reference numerals and/or letters in the
various examples. This repetition is for the purpose of sim-
plicity and clarity and does not in itself dictate a relationship
between the various embodiments and/or configurations dis-
cussed. It is understood that those skilled in the art will be able
to devise various equivalents that, although not explicitly
described herein, embody the principles of the present inven-
tion.

Examples of devices that can benefit from one or more
embodiments of the present invention are semiconductor
devices with field effect transistors (FET). Such a device, for
example, is a complementary metal-oxide-semiconductor
(CMOS) field effect transistor. The following disclosure will
continue with this example to illustrate various embodiments
of the present invention. It is understood, however, that the
invention should not be limited to a particular type of device,
except as specifically claimed.

With reference to FIGS. 1 and 2-8, a method 100 and a
semiconductor device 200 are collectively described below.
The semiconductor device 200 illustrates an integrated cir-
cuit, or portion thereof. In some embodiments, the semicon-
ductor device 200 comprises active devices such as metal-
oxide-semiconductor field effect transistors (MOSFETs),
complementary metal-oxide-semiconductor (CMOS) tran-
sistors, high voltage transistors, and/or high frequency tran-
sistors; other suitable components; and/or combinations
thereof. In some embodiments, the semiconductor device 200
additionally includes passive components, such as resistors,
capacitors, inductors, and/or fuses. In some embodiments, the
semiconductor device 200 is formed by CMOS technology
processing, and thus some processes are not described in
detail herein. In some embodiments, additional steps are pro-
vided before, during, and after the method 100, and some of
the steps described below can be replaced or eliminated, for
additional embodiments of the method. In some embodi-
ments, additional features are added in the semiconductor
device 200, and some of the features described below are
replaced or eliminated, for additional embodiments of the
semiconductor device 200.

Referring to FIG. 1, a method 100 for fabricating a semi-
conductor device is described according to various aspects of
the present disclosure. The method 100 begins with step 102
in which a substrate is provided. The substrate includes a gate
structure with a gate stack. The method 100 continues with
step 104 in which a pre-amorphous implantation (PAI) pro-
cess is performed on the substrate. The method 100 continues
at step 106 in which a stress film is deposited on the substrate.
The method 100 continues at step 108 in which an anneal
process is performed on the substrate. The method 100 con-
tinues at step 110 in which the stress film is removed. The
method 100 continues at step 112 in which a recess region is
formed on the substrate by etching. The method 100 contin-
ues at step 114 in which an epitaxial growth is performed on
the substrate. The discussion that follows illustrates various
embodiments of a semiconductor device 200 that can be
fabricated according to the method 100 of FIG. 1.



US 9,117,745 B2

3

FIGS. 2 to 8 illustrate diagrammatic cross-sectional side
views of one or more embodiments of a semiconductor device
200 at various stages of fabrication according to the method
100 of FIG. 1. Referring to FIG. 2, the semiconductor device
200 includes a substrate 210. In the present embodiment, the
substrate 210 is a semiconductor substrate including silicon.
Alternatively, the substrate 210 includes an elementary semi-
conductor including silicon and/or germanium in crystal; a
compound semiconductor including silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium ars-
enide, and/or indium antimonide; an alloy semiconductor
including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
and/or GalnAsP; or combinations thereof. In some embodi-
ments, where the substrate 210 is an alloy semiconductor; the
alloy semiconductor substrate has a gradient SiGe feature in
which the Siand Ge composition change from one ratio atone
location to another ratio at another location of the gradient
SiGe feature. In some embodiments, the alloy SiGe is formed
over a silicon substrate, and/or the SiGe substrate is strained.
In yet another alternative, the semiconductor substrate is a
semiconductor on insulator (SOI).

The substrate 210 includes various doped regions depend-
ing on design requirements as known in the art (e.g., p-type
wells or n-type wells). The doped regions are doped with
p-type dopants, such as boron or BF,, and/or n-type dopants,
such as phosphorus or arsenic. In some embodiments, the
doped regions are formed directly on the substrate 210, in a
P-well structure, in an N-well structure, in a dual-well struc-
ture, or using a raised structure. The doped regions include
various active regions, such as regions configured for an
N-type metal-oxide-semiconductor transistor (referred to as
an NMOS) and regions configured for a P-type metal-oxide-
semiconductor transistor (referred to as a PMOS).

In some embodiments, the substrate 210 includes an isola-
tion region to define and isolate various active regions of the
substrate 210. The isolation region utilizes isolation technol-
ogy, such as shallow trench isolation (STI) or local oxidation
of silicon (LOCOS), to define and electrically isolate the
various regions. The isolation region includes silicon oxide,
silicon nitride, silicon oxynitride, other suitable materials, or
combinations thereof.

With further reference to FIG. 2, the substrate 210 includes
gate structures 220 disposed over channel regions. In some
embodiments, the substrate 210 further includes a source
region and a drain region on both sides of one of the gate
structures 220, the channel region being the region between
the source region and the drain region. In some embodiments,
lightly-doped drains (LLDDs) are formed in substrate 210. In
some embodiments, portions of the LDDs are formed under
the gate structures 220. For NMOS transistors, N-type
lightly-doped drains (LDDs), are formed of n-type dopants,
such as phosphorous, arsenic, and/or other group V elements.
In some embodiments, P-type pocket doped regions are also
formed in substrate 210.

The gate structure 220 includes various gate material lay-
ers. In the present embodiment, the gate structure 220
includes a gate stack 222, which includes one or more gate
dielectric layer and a gate electrode. In some embodiments,
the gate structure 220 also includes gate spacers 224 disposed
on sidewalls of the gate stack 222. In some embodiments, the
gate structure 220 is divided into two substantially equal
halves by an imaginary center line 226.

The gate stack 222 is formed over the substrate 210 to a
suitable thickness. In an example, the gate stack 222 includes
a polycrystalline silicon (or polysilicon) layer. In some
embodiments, the polysilicon layer is doped for proper con-
ductivity. Alternatively, the polysilicon is not necessarily
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doped, for example, if a dummy gate is to be formed and later
replaced by a gate replacement process. In another example,
the gate stack 222 includes a conductive layer having a proper
work function; therefore, the gate stack 222 is also referred to
as a work function layer. The work function layer includes a
suitable material, such that the layer is tuned to have a proper
work function for enhanced performance of the device. For
example, if an N-type work function metal (N-metal) for an
NMOS device is desired, Ta, TiAl, TiAIN, or TaCN, is used.
In some embodiments, the work function layer includes
doped conducting oxide materials. In some embodiments, the
gate stack 222 includes other conductive materials, such as
aluminum, copper, tungsten, metal alloys, metal silicide,
other suitable materials, and/or combinations thereof. In
some embodiments, the gate stack 222 includes multiple lay-
ers. For example, where the gate stack 222 includes a work
function layer, another conductive layer is formed over the
work function layer. In some embodiments, the gate stack 222
is formed by chemical vapor deposition (CVD), physical
vapor deposition (PVD), atomic layer deposition (ALD),
high density plasma CVD (HDPCVD), plating, other suitable
methods, and/or combinations thereof.

The gate spacers 224 are formed over the substrate 210 by
any suitable process to any suitable thickness. The gate spac-
ers 224 include a dielectric material, such as silicon nitride,
silicon oxide, silicon oxynitride, other suitable materials,
and/or combinations thereof. In some embodiments, the gate
spacers 224 are used to offset subsequently formed doped
regions, such as heavily doped source/drain regions.

Referring to FIG. 3, a pre-amorphous implantation (PAI)
process 230 is performed on the substrate 210. The PAI pro-
cess 230 implants the substrate 210 with some species. The
implanted species damage the lattice structure of the substrate
210 and form an amorphized region 232. In some embodi-
ments, the implanted species scatter in substrate 210. The
scattered species cause lateral amorphization, which results
in amorphized region 232 extending to regions underneath
the spacers 224. In some embodiments, the amorphized
region 232 is formed in a source and drain region of the
semiconductor device 200 and does not extend beyond the
center line 226 of the gate structure 220. The amorphized
region 232 has a depth 234. The amorphized depth 234 is
formed according to design specifications. In some embodi-
ments, the amorphized depth 234 is in a range from about 10
to about 150 nanometers. In some embodiments, the amor-
phized depth 234 is less than about 100 nanometers.

In some embodiments, the amorphized depth 234 is con-
trolled by the thickness of the gate spacers 224, because the
gate spacers 224 serve to concentrate the PAI process 230
implantation energy away from the center line 226 of the gate
structure 220, thereby allowing for a deeper amorphized
depth 234. In addition, the amorphized depth 234 is con-
trolled by parameters of the PAI process 230, such as implant
energy, implant species, and implant dosage, etc. The PAI
process 230 implants the substrate 210 with silicon (Si) or
germanium (Ge), in accordance with some embodiments. In
some embodiments, other implant species heavier than Si are
used. For example, in some embodiments, the PAI process
230 utilizes other implant species, such as Ar, Xe, BF,, As, In,
other suitable implant species, or combinations thereof. In
some embodiments, the PAI process 230 implants species at
an implant energy in a range from about 20 KeV to about 60
KeV. In some embodiments, the PAI process 230 implants
species at a dosage ranging in a range from about 1x10"*
atoms/cm® to about 2x10'® atoms/cm?, depending on the
implantation temperature. Lower implantation temperature
enhances implant amorphization efficiency. In some embodi-
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ments, the implant temperature is in a range from about -100°
C. to about 25° C. (or room temperature).

In some embodiments, a patterned photoresist layer is uti-
lized to define where the amorphized region 232 is formed
and protect other regions of the semiconductor device 200
from implantation damage. For example, the PMOS regions
are protected. In addition, the patterned photoresist layer
exposes the source/drain regions, such that the source/drain
regions are exposed to the PAI process 230 (forming amor-
phized region 232) while the gate structure 220 (and other
portions of the semiconductor device 200) are protected from
the PAI process 230. Alternatively, a patterned hard mask
layer, such as a SiN or SiON layer, is utilized to define the
amorphized region. In some embodiments, the patterned pho-
toresist layer or the patterned hard mask layer is part of the
current manufacturing process, for example lightly-doped
drains (LLDD) or source/drain formation, thereby minimizing
cost as no additional photoresist layer or hard mask is
required for the PAI process 230. After the PAI process is
performed, the photoresist on substrate 210 is removed.

Referring to FIG. 4, a stress film 240 is deposited over the
substrate 210. In some embodiments, the stress film 240 is
formed by chemical vapor deposition (CVD), physical vapor
deposition (PVD), atomic layer deposition (ALD), high den-
sity plasma CVD (HDPCVD), plating, other suitable meth-
ods, and/or combinations thereof. In some embodiments, the
stress film 240 includes a dielectric material, such as silicon
nitride, silicon oxide, silicon oxynitride, other suitable mate-
rials, and/or combinations thereof. The stress film 240 has
tensile stress, which affects the recrystallization process. For
example, the stress film 240 could retard the growth rate in the
[110] direction of the stressor regions 252. In some embodi-
ments, the stress film 240 is not used.

Still referring to FIG. 4, an annealing process 250 is per-
formed on the substrate 210. The annealing process 250
causes the amorphized regions 232 to re-crystallize, forming
stressor regions 252. This process is often referred to as
solid-phase epitaxy (SPE), and thus, the stressor regions 252
are referred to as epi regions. The stressor regions 252 are, for
example, epitaxial SiP stressor regions, epitaxial SiC, or SiCP
stressor regions, in accordance with some embodiments. SiC
stands for carbon-containing silicon and SiCP stands for car-
bon-and-phosphorous-containing silicon. In some embodi-
ments, the carbon concentration is less than about 3 atomic %.
In some embodiments, the P concentration is in a range from
about SE19 1/cm® to about 5E21 1/cm’. In some embodi-
ments, the P and/or C in silicon in the epitaxial stressor
regions are implanted at previous operations. In some
embodiments, carbon is implanted into a silicon substrate to
create a SiC stressor, which is compressive and applies a
tensile strain to the NMOS transistor channel region due to
the small size of carbon (C) in comparison to silicon (Si). In
addition, in some embodiments, the compressive film stress
in the stressor regions assists the initiation of pinchoff. In
some embodiments, P is doped to lower the resistance of the
source and drain regions. In addition, in some embodiments,
carbon impedes the out-diffusion of P.

In some embodiments, the annealing process 250 is a fur-
nace process, a rapid thermal annealing (RTA) process, a
millisecond thermal annealing (MSA) process (for example,
a millisecond laser thermal annealing process), or a micro-
second thermal annealing (USA) process. In some embodi-
ments, the annealing process includes a pre-heat operation
which minimizes or even eliminates end of range (EOR)
defects, which are the remained defects at the amorphous/
crystalline interface. The pre-heat operation is performed at a
temperature from about 200° C. to about 700° C., in accor-
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dance with some embodiments. The pre-heat operation is
performed in a range from about 10 seconds to about 10
minutes, in some embodiments.

The main anneal of the annealing process 250 is performed
atatemperature in a range from about 800° C. to about 1,400°
C. Depending on the type of annealing process and the tem-
perature utilized, the main anneal of the annealing process
250 is performed for a duration in a range from about 1
millisecond to about 5 hours, in some embodiments. For
example, the pre-heat operation is at a temperature of about
550° C. for about 180 seconds. If the annealing process 250 is
a RTA process, in some embodiments, the main anneal tem-
perature is equal to or greater than about 950° C. and is
performed for a duration in a range from about 0.5 second to
about 5 seconds, in some embodiments. If the annealing
process 250 is a MSA process, in some embodiments, the
main anneal temperature is up to a Si melting point of about
1,400° C. and is performed for a few milliseconds or less, for
example for about 0.8 milliseconds to about 100 millisec-
onds.

During the annealing process 250, as the substrate 210
recrystallizes, dislocations 260 are formed in the stressor
region 252. In some embodiments, the dislocations 260 are
formed in the [111] direction. In some embodiments, the
[111] direction has an angle in a range from about 45 to about
65 degrees, the angle being measured with respect to an axis
parallel to a surface of the substrate 210.

The dislocations 260 start formation at pinchoff points 262.
In some embodiments, the pinchoff points 262 are formed in
the stressor region 252 at a depth of about 10 to about 150
nanometers, the depth being measured from the surface ofthe
substrate 210. The pinchoft points 262 have a horizontal
buffer 264 and a vertical buffer 266. The horizontal buffer 264
and the vertical buffer 266 are formed according to design
specifications and are affected by the annealing process 250.
The pinchoff points 262 have a horizontal buffer 264 of about
5 to about 20 nanometers and a vertical buffer 266 of about 10
to about 40 nanometers, in some embodiments. In some
embodiments, the pinchoff points 262 are formed such that
the pinchoff points 262 are not disposed within the channel
region.

Referring to FIG. 5, the stress film 240 is removed from the
substrate 210. In some embodiments, the gate spacers 224 are
also removed from the gate structure 220. The stress film 240
and optionally the gate spacers 224 are removed by an etching
process. In some embodiments, the etching process is per-
formed by wet etching, such as by using phosphoric acid or
hydrofluoric acid, or by dry etching using suitable etchant. In
some embodiments, the formation of spacers, PAI process,
formation of stress film, annealing, and removal of stress film
described above are repeated a number of times to create
multiple dislocations. Further details of multiple dislocations
in the stress regions 252 are found in U.S. patent application
Ser. No. 13/177,309, entitled “A Semiconductor Device with
a Dislocation Structure and Method of Forming the Same”
and filed on Jul. 6, 2011, which is incorporated herein by
reference in its entirety.

After the stress film 240 is removed, optional dummy spac-
ers 224* are formed on gate structure 220, in accordance with
some embodiments. In some embodiments, the dummy spac-
ers 224* are used to define the distances of subsequently
formed doped regions from the channel regions. In some
embodiments, the dummy spacers 224*, similar to gate spac-
ers 224, are formed over the gate spacers 224 by any suitable
process to any suitable thickness. The dummy spacers 224*
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include a dielectric material, such as silicon nitride, silicon
oxide, silicon oxynitride, other suitable materials, and/or
combinations thereof.

Afterwards, recess regions are formed by etching
process(es). In some embodiments, the etching process
includes a dry etching process, wet etching process, or com-
bination thereof. In some embodiments, the etching process
utilizes a combination of dry and wet etching processes. The
dry and wet etching processes have tunable etching param-
eters, such as etchants used, etching temperature, etching
solution concentration, etching pressure, source power, RF
bias voltage, RF bias power, etchant flow rate, and other
suitable parameters. In some embodiments, recess regions
282 are formed on substrate 210, as shown in FIG. 6 in
accordance with some embodiments. In some embodiments,
a patterned photoresist layer is utilized to define where the
recess regions 282 are formed and protect other regions of the
semiconductor device 200 from implantation damage. For
example, in some embodiments, the PMOS regions are pro-
tected. In addition, the patterned photoresist layer exposes the
source/drain regions, such that the source/drain regions are
exposed to the dry etch process 280 (forming amorphized
region 282) while the gate structure 220 (and other portions of
the semiconductor device 200) are protected from the etch
process 280. For example, in some embodiments, the dry
etching process utilizes an etching pressure of about 1 mTorr
to about 200 mTorr, a source power of about 200 W to about
2000 W, an RF bias voltage of about 0V to about 100V, and
an etchant that includes NF;, C, ,, SF¢, He, Ar, CF,, or com-
binations thereof.

After the etch process 280 is performed, the photoresist on
substrate 210 is removed. After the recess regions 282 are
formed, substrate 210 undergoes a wet etch to form recess
regions 282*, as shown in FIG. 7, in accordance with some
embodiments. In some embodiments, the wet etching solu-
tions include N,,,OH, HF (hydrofluoric acid), TMAH (tet-
ramethylammonium hydroxide), other suitable wet etching
solutions, or combinations thereof.

In some embodiments, the recess regions 282* have depths
in a range from about 100 A to about 800 A. The widths of
recess regions 282* near surface of substrate 210 are in a
range from about 20 nm to about 200 nm. As mentioned
above, in some embodiments, the widths of recess regions
282* extend under spacer 224, 224* (not shown in FIG. 7), or
a combination thereof.

Afterwards, a silicon-containing epitaxial structure 285 is
formed in each of the recesses 282*, as shown in FIG. 8, in
accordance with some embodiments. The silicon-containing
structure 285 is formed by performing an epitaxial deposition
process to form a silicon-containing epitaxial material, in
some embodiments. In some embodiments, the silicon-con-
taining epitaxial material includes SiC, SiCP, SiP or other
material that produces tensile strain on the transistor channel
region. In some embodiments, the silicon-containing material
is formed by using a silicon-containing precursor. For
example, in some embodiments, gases, such as silane (Si,,),
disilane (8S,, ), trisilane (S,;5,), dichlorosilane (Siy,C,,),
etc., are used to form SiC-containing epitaxial material in
structure 285. In some embodiments, phosphorous-contain-
ing gas, such as phosphine (P3), is used to form SiP epitaxial
material or to form SiCP with a carbon-containing gas. In
other embodiments forming P-type transistors, the silicon-
containing epitaxial material includes any material, such as
SiGe, that produces compressive strain on the transistor chan-
nel region.

In some embodiments, the surface 286 of the silicon-con-
taining epitaxial structure 285 is level with or higher than the
surface 223 (or interface 223) of the substrate 210 and the gate
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structure 220. In some embodiments, the surface 286 has a
height of up to about 300 A above the substrate surface 223.
Since the silicon-containing epitaxial structure 285 is also
epitaxial, the dislocations 260 continue in structure 285, as
shown in FIG. 8, in accordance with some embodiments.

In some embodiments, the silicon-containing epitaxial
material is formed by chemical vapor deposition (CVD), e.g.,
low pressure CVD (LPCVD), atomic layer CVD (ALCVD),
ultrahigh vacuum CVD (UHVCVD), reduced pressure CVD
(RPCVD), any suitable CVD, molecular beam epitaxy
(MBE) process, any suitable epitaxial process; or any com-
binations thereof. In some embodiments, the deposition of the
silicon-containing epitaxial material has a deposition tem-
perature of about 750° C. or less. In other embodiments, the
etching temperature ranges from about 500° C. to about 750°
C. In some embodiments, the pressure of the deposition pro-
cess ranges from about 50 Torr to about 500 Torr.

Alternatively, the silicon-containing epitaxial material is
formed by performing an epitaxial deposition process to form
a silicon-containing epitaxial material. Details of such pro-
cess are described in U.S. patent application Ser. No. 13/029,
378, entitled “Integrated Circuits and Fabrication Methods
Thereof” and filed on Feb. 17, 2011.

In some embodiments, the semiconductor device 200
undergoes further CMOS or MOS technology processing to
form various features known in the art. For example, in some
embodiments, the method 100 proceeds to form main spac-
ers. In some embodiments, contact features, such as silicide
regions, are also formed. The contact features include silicide
materials, such as nickel silicide (NiSi), nickel-platinum sili-
cide (NiPtSi), nickel-platinum-germanium silicide (NiPt-
GeSi), nickel-germanium silicide (NiGeSi), ytterbium sili-
cide (YbSi), platinum silicide (PtSi), iridium silicide (IrSi),
erbium silicide (ErSi), cobalt silicide (CoSi), other suitable
conductive materials, and/or combinations thereof. In some
embodiments, the contact features are formed by a process
that includes depositing a metal layer, annealing the metal
layer such that the metal layer is able to react with silicon to
form silicide, and then removing the non-reacted metal layer.
In some embodiments, an inter-level dielectric (ILD) layer is
further formed on the substrate 210 and a chemical mechani-
cal polishing (CMP) process is further applied to the substrate
to planarize the substrate. Further, in some embodiments, a
contact etch stop layer (CESL) is formed on top of the gate
structure 220 before forming the ILD layer.

In an embodiment, the gate stack 222 remains polysilicon
in the final device. In another embodiment, a gate replace-
ment process (or gate last process) is performed, where the
polysilicon gate stack 222 is replaced with a metal gate. For
example, a metal gate replaces the gate stack (i.e., polysilicon
gate stack) of the gate structure 220. The metal gate includes
liner layers, work function layers, conductive layers, metal
gate layers, fill layers, other suitable layers, and/or combina-
tions thereof. The various layers include any suitable mate-
rial, such as aluminum, copper, tungsten, titanium, tantalum,
tantalum aluminum, tantalum aluminum nitride, titanium
nitride, tantalum nitride, nickel silicide, cobalt silicide, silver,
TaC, TaSiN, TaCN, TiAl, TiAIN, WN, metal alloys, other
suitable materials, and/or combinations thereof.

In some embodiments, subsequent processing further
forms various contacts/vias/lines and multilayer interconnect
features (e.g., metal layers and interlayer dielectrics) on the
substrate 210, configured to connect the various features or
structures of the semiconductor device 200. In some embodi-
ments, the additional features provide electrical interconnec-
tion to the device. For example, a multilayer interconnection
includes vertical interconnects, such as conventional vias or
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contacts, and horizontal interconnects, such as metal lines. In
some embodiments, the various interconnection features
implement various conductive materials including copper,
tungsten, and/or silicide. In one example, a damascene and/or
dual damascene process is used to form a copper related
multilayer interconnection structure.

The disclosed semiconductor device 200 is used in various
applications such as digital circuit, imaging sensor devices, a
hetero-semiconductor device, dynamic random access
memory (DRAM) cell, a single electron transistor (SET),
and/or other microelectronic devices (collectively referred to
herein as microelectronic devices). Of course, aspects of the
present disclosure are also applicable and/or readily adapt-
able to other type of transistor, including single-gate transis-
tors, double-gate transistors, and other multiple-gate transis-
tors, and may be employed in many different applications,
including sensor cells, memory cells, logic cells, and others.

The embodiments of processes and structures described
above provide mechanisms for improving mobility of carri-
ers. The dislocations in the source and drain regions and the
strain created by the doped epitaxial materials next to the
channel region of a transistor both contribute to the strain in
the channel region. As a result, the device performance is
improved. In some embodiments, the NMOS transistor per-
formance is increased by about 10-25%.

One aspect of this description relates to a method of manu-
facturing a semiconductor device. The method includes per-
forming a pre-amorphous implantation (PAI) process to form
an amorphized region on a substrate. The method also
includes forming a stress film over the substrate, and perform-
ing an annealing process to recrystallize the amorphized
region after the stress film is formed. The method further
includes forming a recess region on the substrate. The recess
region overlies the recrystallized region. The method addi-
tionally includes forming an epitaxial stress-inducing mate-
rial in the recess region.

Another aspect of this description relates to a method of
manufacturing a semiconductor device. The method includes
performing a pre-amorphous implantation (PAI) process to
form an amorphized region on a substrate, and forming a
stress film over the substrate. The method further includes
forming at least one dislocation in the amorphized region,
wherein a pinch off point of the at least one dislocation is
spaced from a bottom edge of the amorphized region by a
distance ranging from about 10 nanometers (nm) to about 40
nm. The method further includes forming a recess region on
the substrate, wherein the recess region overlies at least a
portion of the at least on dislocation, and forming an epitaxial
stress-inducing material in the recess region.

Still another aspect for this description relates to a method
of making a semiconductor device. The method includes
forming a first stress region in a semiconductor substrate, the
first stress region including at least one dislocation. A gate
structure is disposed over a channel region of the semicon-
ductor substrate. The method further includes forming a sec-
ond stress region in the semiconductor substrate and overly-
ing the first stress region.

The above disclosure provides many different embodi-
ments, or examples, for implementing different features of
the invention. Specific examples of components and arrange-
ments are described above to simplify the present disclosure.
These are, of course, merely examples and are not intended to
be limiting. Accordingly, the components disclosed herein
may be arranged, combined, or configured in ways different
from the exemplary embodiments shown herein without
departing from the scope of the present disclosure.

10

15

20

25

30

35

40

45

50

55

60

65

10

The foregoing outlines features of several embodiments so
that those skilled in the art may better understand the aspects
of the present disclosure. Those skilled in the art should
appreciate that they may readily use the present disclosure as
a basis for designing or modifying other processes and struc-
tures for carrying out the same purposes and/or achieving the
same advantages of the embodiments introduced herein.
Those skilled in the art should also realize that such equiva-
lent constructions do not depart from the spirit and scope of
the present disclosure, and that they may make various
changes, substitutions, and alterations herein without depart-
ing from the spirit and scope of the present disclosure.

What is claimed is:

1. A method of manufacturing a semiconductor device, the
method comprising:

performing a pre-amorphous implantation (PAI) process to

form an amorphized region on a substrate;

forming a stress film over the substrate;

performing an annealing process to recrystallize the amor-

phized region after the stress film is formed;

forming a recess region on the substrate, wherein the recess

region overlies the recrystallized region; and

forming an epitaxial stress-inducing material in the recess

region.

2. The method of claim 1, wherein the recrystallized region
includes at least one dislocation.

3. The method of claim 1, wherein performing the PAI
process includes implanting the substrate with silicon (Si) or
germanium (Ge) implant species.

4. The method of claim 1, wherein the annealing process
includes a rapid thermal annealing (RTA) process, a millisec-
ond thermal annealing (MSA) process, or a microsecond
thermal annealing (OA) process.

5. The method of claim 1, wherein the epitaxial stress-
inducing material includes SiC, SiP, or SiCP.

6. The method of claim 1, wherein forming the recess
region utilizes a wet etch after a dry etch.

7. The method of claim 1, further comprising:

forming spacers on each side of a gate stack, wherein the

gate stack is on the substrate.

8. The method of claim 1, wherein performing the PAI
processes comprises forming the amorphized region having a
depth ranging from about 10 nm to about 150 nm.

9. The method of claim 1, wherein performing the PAI
process comprises implanting a species in the substrate,
wherein the species comprises at least one of silicon, germa-
nium, argon, xenon, or boron difluoride.

10. The method of claim 1, wherein performing the PAI
process comprises implanting a species in the substrate at a
temperature ranging from about —100° C. to about 25° C.

11. The method of claim 1, wherein performing the PAI
process comprises implanting a species in the substrate in a
concentration ranging from about 1x10'* atoms/cm? to about
2x10" atoms/cm”>.

12. The method of claim 1, wherein forming the stress film
comprises forming the stress film to retard a growth rate in the
direction of the amorphized region.

13. The method of claim 1, wherein forming the recess
region comprises forming the recess region having a depth
ranging from about 100 angstroms (A) and about 800 A and
awidth at a surface of the substrate ranging from about 20 nm
to about 200 nm.

14. A method of manufacturing a semiconductor device,
the method comprising:

performing a pre-amorphous implantation (PAI) process to

form an amorphized region on a substrate;
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forming a stress film over the substrate;

forming at least one dislocation in the amorphized region,
wherein a pinch off point of the at least one dislocation
is spaced from a bottom edge of the amorphized region
by a distance ranging from about 10 nanometers (nm) to
about 40 nm;

forming a recess region on the substrate, wherein the recess

region overlies at least a portion of the at least on dislo-
cation; and

forming an epitaxial stress-inducing material in the recess

region.

15. The method of claim 14, wherein forming the at least
one dislocation comprises performing a rapid thermal anneal
process, a millisecond thermal anneal process, or a microsec-
ond thermal anneal process.

16. The method of claim 14, wherein forming the atleast on
dislocation comprises:

performing a pre-heating process; and

performing a main heating process after the pre-heating

process.

17. The method of claim 16, wherein performing the pre-
heating process comprises heating the substrate at a first
temperature ranging from about 200° C. to about 700° C. for
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a first duration ranging from about 10 seconds to about 10
minutes, and performing the main heating process comprises
heating the substrate at a second temperature ranging from
about 800° C. to about 1400° C. for a second duration ranging
from about 1 millisecond to about 5 hours.

18. The method of claim 14, wherein forming the recess
region comprises performing a dry etching process using an
etchant comprising at least one of NF;, Cl,, SF,,, He, Ar, or
CF,.

19. The method of claim 14, wherein forming the recess
region comprises performing a wet etching process using an
etchant comprising at least one of NH,OH, HF, or TMAH.

20. A method of making a semiconductor device, the
method comprising:

forming a first stress region in a semiconductor substrate,

the first stress region including at least one dislocation,
wherein a gate structure is disposed over a channel
region of the semiconductor substrate; and

forming a second stress region in the semiconductor sub-

strate and overlying the first stress region, wherein the at
least one dislocation is continuous from the first stress
region to the second stress region.
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